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PREFACE 
It has long been recognized that the physical form of materials can play an important 
role in the toxicity- the health impacts of asbestiform materials, industrial aerosols, and 
ambient particulate matter are prime examples. However, during the last 20 years, 
toxicology research has suggested complex and previously imrecognized associations 
between material physicochemistry at the nanoscaie and biological interactions. With 
the rapid rise of the field of nanotechnology and the design and production of 
increasingly complex nanoscaie materials, in the size range of 1-100 nm, it has now 
become more important to understand how the physical form and chemical composition 
of these materials interact synergistically in toxicity evaluation. As a result, a new field 
of research has emerged namely nanotoxicology. Researches in this field are 
highlighting the importance of the physicochemical properties of nanomaterials in how 
dose is understood, how materials are characterized in a manner that enables 
quantitative data interpretation and comparison, and how materials move within, 
interact with, and are transformed by biological systems. 
As research began to focus on the potential hazards presented by engineered 
nanomaterials, the term nanotoxicology began to be used informally to describe this 
growing area of study. This was formalized for the first time in an editorial of 
the Occupational and Environmental Medicine by Donaldson et al. (2004). Writing 
about the himian health challenges presented by the emerging field of nanotechnology, 
they noted that: 
"Nanoparticles (NPs) have greater potential to travel through the organism than other 
materials or larger particles. The various interactions of NPs with fluids, cells, and 
tissues need to be considered, starting at the portal of entry and then via a range of 
possible pathways towards target organs. The potential for significant biological 
response at each of these sites requires investigation. In addition, at the site of final 
retention in the target organ(s), NPs may trigger mediators which then may activate 
inflammatory or immunological responses. Importantly NPs may also enter the blood 
or the central nervous system, where they have the potential to directly affect cardiac 
and cerebral functions. We, therefore, propose that a new subcategory of toxicology 
namely nanotoxicology which can be defined to address gaps in knowledge and to 
specifically address the special problems likely to be caused by nanoparticles." 
The new field was consolidated in 2005 with a highly cited paper by Oberdorster and 
co-authors entitled "Nanotoxicology: an emerging discipline evolving fi-om studies of 
ultrafine particles, and the laimch of the journal Nanotoxicology in 2007. 
Global publications addressing human health and environmental impacts of engineered 
nanomaterials have increased dramatically during the past decade. In 2005, there were 
an estimated 179 articles published on the potential environmental health and safety 
implications of engineered nanomaterials. By 2009, that number had risen to 791 
publications (PCAST, 2010). Of these, the majority address the potential hazards of 
engineered nanomaterials. 
Due to the increasing applications of nanoparticles and their continuous use and 
exposure in our day to day life, the study on their toxic effects and mechanisms involved 
is the need of the day. And this led us to work on the field of toxicology of ZnO and 
TiCh nanoparticles. 
This M.Phil dissertation constitutes all the essential components of a scientific 
document. It starts with a brief introduction, which familiarizes with the literature in 
twin fields of nanotechnology and nanotoxicology. This component also includes the 
objectives of the study. The second component entitied 'Materials and Methods" 
present's different protocols for the standard toxicity bioassays, antioxidant enzyme 
assays etc. The data of all the toxicity tests carried out for this study were compiled 
together along with their graphical representation imder the heading of 'Results'. 
General discussion of the findings in the light of available literature has been presented 
as a separate heading imder the titie of 'Discussion'. The bibliography and summary 
have been listed in the end. 
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Introduction 
INTRODUCTION 
With the development of nanotechnology, there has been a tremendous growth in the 
application of nanoparticles (NPs) in many areas of human endeavours such as 
industry, agriculture, medicine, electronics, cosmetics, drug delivery systems etc. 
(Kisin et al., 2007; Robertson et al., 2010). Nanotechnology includes the integration 
of these nanoscale structures into larger material components and systems, keeping 
the control and construction of new and improved materials at the nanoscale (Ju-Nam 
et al., 2008). In October 2011, the European Union defined nanomaterials as a natural, 
incidental or manufactured material containing particles, in an unbound state or as an 
aggregate or agglomerate; where 50% or more of the particles exhibit, one or more 
external dimensions in the size range 1-100 nm (Shi et al., 2013). 
Nanoparticles can be naturally occurring or they can be manufactured, the latter can 
be categorized into several classes including the following (Chandra et al., 2009): 
1. Metal nanomaterials, such as gold and silver nanoparticles 
2. Metal oxide nanomaterials, such as titanium dioxide and zinc oxide 
3. Carbon nanomaterials such as fiiUerenes and nanotubes 
4. Quantum dots such as cadmium telluride and cadmium selenide 
Due to increasing applications of nanoparticles in various fields, one estimate for the 
production of engineered nanomaterials was 2000 tonnes in 2004 increasing to 58,000 
tonnes by 2011-2020 (Nowack et al., 2007). 
Since surface properties, such as energy level, electronic structure, and reactivity are 
quite different from interior states, NPs generally possess dramatically different 
physicochemical properties compared to fine particles (FPs) of the same composition 
(Arora et al., 2012). Apart from this, due to their extremely small size, nanomaterials 
possess extremely high surface area to volume ratio which renders them highly 
reactive (Arora et al., 2012). High reactivity potentially leads to toxicity due to 
harmful interactions of nanomaterials with biological systems and their environment 
(Oberdorster et al., 2005). 
Study of the toxicity of nanomaterials on living cells and environment is a very broad 
research area (Reinhardt et al., 2002; Yang et al., 2005). Nanotoxicology was 
proposed as a new branch of toxicology to specifically address the adverse health 
i ^ } 
effects likely to be caused by nanomaterials (Donaldson et al., 2004). In the original 
article on nanotoxicology, Donaldson et al. (2004) quoted, "discipline of 
nanotoxicology would make an important contribution to the development of a 
sustainable and safe nanotechnology". The same properties that make nanoparticles 
useful in a variety of applications can potentially make them toxic and harmful to the 
environment. In general, the toxicological data specific to nanoparticles has remained 
insufficient due to small number of studies, short exposure period, different 
composition of the nanoparticles tested (diameter, length and agglomeration), and 
unusual exposure route in the working environment. Additional studies like 
absorption, translocation to other tissues or organs, biopersistence, carcinogenicity, 
etc are necessary to assess the risk associated with the exposure to nanomaterials 
(Negahdari et al, 2012). 
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Literature ^B^view 
LITERATURE REVIEW 
Nanotechnology is an emerging multidisciplinary science that involves applications 
based upon the synthesis of molecules in the nanoscale (10"^ m) size range. This 
technology has the ability to manipulate matter on a near-atomic scale to produce new 
structures, materials and devices with unique physical and chemical properties 
(NIOSH, 2009). These characteristics enhance versatility and efficacy in product 
development, resulting in more effective industrial and medical applications, 
concomitant with the production of more versatile and efficacious products (Colvin, 
2003). 
Silica (Si02) nanoparticles are used as biomarkers for leukaemia cell identification 
(Santraet al., 2001), cancer therapy (Hirschet al., 2003), drug delivery 
(Venkatesan et al., 2005) and they also find extensive applications in chemical, 
mechanical polishing and as additives to drugs, cosmetics, printer toners, varnishes 
and food (Lin et al., 2006). Metal nanoparticles such as cerium oxide nanoparticles 
have wide-ranging applications for solar and fuel cells, gas sensors, abrasives for 
chemical mechanical planarizations, oxygen pumps, metallurgic, glass and ceramic 
applications (Zheng et al., 2005; Gao et al., 2006). Silver nanoparticles are used in 
bedding, washers, water purification, toothpastes, shampoo, infant nipples and nursing 
bottles, fabrics, deodorants, filters, kitchen utensils, toys and humidifiers (Maynard, 
2006). Finally, carbon nanotubes (CNTs) are currently of interest for a variety of 
applications in electronics, reinforced rods, micro-fabricating conjugated polymer 
activators, biosensors and enhanced electron/scanning microscopy imaging techniques 
(Shvedova et al., 2009). 
The increase in nanoparticle applications has led to an increase in concern about their 
potential human toxicity and their environmental impact. Nanotoxicology 
encompasses the physicochemical determinants, routes of exposure, biodistribution. 
molecular determinants, genotoxicity, and regulatory aspects (Fig. 1). In addition, 
nanotoxicology is involved in proposing reliable, robust, and data-assured test 
protocols for nanomaterials in human and environmental risk assessment (Donaldson 
et al., 2004; Lewinski et al., 2008) 
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Figure 1. Complex array of issues surrounding toxicity of nanoparticles. Adopted 
from Arora et al. (2012). 
1. Physicochemical properties of nanomaterials: biological effects 
The unusual physicochemical properties of engineered nanomaterials are attributable 
to their small size (surface area and size distribution), chemical composition (purity, 
crystallinity, electronic properties etc.), surface structure (surface reactivity, surface 
groups, inorganic or organic coatings etc.), solubility, shape and aggregation. The 
increase in surface area determines the potential number of reactive groups on the 
particle surface. Shape of the nanoparticles has been shown to have a pronounced 
effect on the biological activity. It is reported that silver nanoparticles undergo shape-
dependent interaction with E. coli (Pal et al., 2007). Chithrani et al. (2006) reported 
better uptake of spherical gold nanoparticles than gold nanorods in HeLa cells. In case 
of anatase Ti02 nanomaterial, it was shown that alteration to a fiber structure of 
greater than 15 i^ m created a highly toxic particle that initiated an inflammatory 
response by alveolar macrophages and that length may be an important determinant of 
nanomaterial biocompatibility (Hamilton et al., 2009). Thus it is evident that 
{ ^ \ 
physicochemical characteristics of the materials are very important with respect to the 
observed biological effects. 
2. Routes of exposure 
The human body has many portals of entry for direct substance exchange with the 
environment, i.e. the skin, respiratory tract and gastrointestinal tract (GIT). 
2.1. Skin 
It is the largest primary defense organ in our body and directly comes into contact 
with many toxic agents. The skin is structured organ comprising three layers: the 
epidermis, the dermis and the subcutaneous layer. The strongly keratinized stratum 
comeum acts as the primary protecting layer and may be the rate-limiting barrier to 
defend against the penetration of most micron sized particles and harmful exogenetic 
toxicants. Skin exposure to nanomaterials can also occur during the intentional 
application of topical creams and other drug treatments (Oberdorster et al., 2005b; 
Curtis et al., 2006; Hagens et al., 2007). According to a study by Merwe et al. (2009), 
nanocrystalline m^nesium oxide and titanium dioxide applied to dermatomed human 
skin (as dry powder, water suspension, and water/surfactant suspension) for 8 h did 
not show dermal absorption through human skin with intact functional stratum 
comeum. 
In another study, Gontier et al. (2008) tested penetration of topically applied titanium 
dioxide (Ti02) nanoparticles (size range 20-100 nm) in porcine-, healthy human-, and 
human grafted-skin samples. It was seen that penetration of Ti02 nanoparticles was 
restricted to the topmost comeocyte layers of the stratum comeum. Contrary to the 
above findings, there are many reports that show deeper penetration of nanoparticles. 
Lademann et al. (1999) showed that Ti02 particles could get through the human 
stratum comeum and reach epidermis and even dermis. Flexing movement of normal 
skin was shown to facilitate the penetration of micrometer-size fluorescent beads into 
the dermis (Tinkle et al., 2003). Oberdorster et al. (2005b) demonstrated penetration 
of a variety of nanoparticles in the dermis and translocation to the systemic 
vasculature via lymphatic system and regional lymph. Though nanosilver-based 
dressings and surgical sutures have received approval for clinical application and 
good control of wound infection is achieved, their dermal toxicity is still a topic of 
scientific debate and concern. Despite laboratory and clinical studies confirming the 
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dermal biocompatibility of nanosilver-based dressings (Wright et al., 2002; Chen et 
al., 2006 a,b; Muangman et al., 2006) several other researchers have demonstrated the 
cytotoxicity of these materials. Paddle-Ledinek et al. (2006) exposed cultured 
keratinocytes to extracts of several types of silver containing dressings. Of these, 
extracts of nanocrystalline silver coated dressings were found to be most cytotoxic. 
2.2. Respiratory tract 
The respiratory system serves as a major portal for ambient particulate materials. 
Pathologies resulting from airborne particle materials, e.g. quartz, asbestos and carbon 
have long been thoroughly researched in occupational and environmental medicine 
(Donaldson et al., 2001; Warheit, 2001; Lam et al., 2006). Recently, the pathogenic 
effects and pathology of inhaled manufactured nanoparticles have received attention 
(Oberdorster et al., 2005a; Donaldson et al., 2006; Lam et al., 2006; Nel et al., 2006). 
Being different than micron sized particles that are largely trapped and cleared by 
upper airway mucociliary escalator system, particles less than 2.5 [an can get down to 
the alveoli. The deposition of inhaled ultrafine particles (aerodynamic-diameter >100 
nm) mainly takes place in the alveolar region (Curtis et al., 2006; Hagens et al., 2007). 
After absorption across the Ixmg epithelium, nanomaterials can enter the blood and 
lymph to reach cells in the bone marrow, lymph nodes, spleen and heart (Oberdorster 
et al., 2005a; Hagens et al., 2007). Takenaka et al. (2001) have demonstrated that in 
both inhalation and instillation experiments, ultrafine silver particles were taken up by 
alveolar macrophages, and aggregated silver particles persisted there for up to 7 days. 
Aggregated silver nanoparticles and some other nanomaterials have been shown to be 
cytotoxic to alveolar macrophage cells as well as epithelial lung cells (Soto et al., 
2007). 
2.3. Gastrointestinal tract (GIT) 
Nanomaterials can reach the GIT after mucociliary clearance from the respiratory 
tract through the nasal region, or can be ingested directly in food, water, cosmetics, 
drugs, and drug delivery devices (Oberdorster et al., 2005b; Hagens et al., 2007). The 
utility of biodegradable nanoparticles in the delivery of oral vaccines has been 
proposed for antigens known to be susceptible to proteolysis (Russell-Jones, 2000). 
Apparently studies on toxicity of nanomaterials post oral ingestion are limited. Chen 
et al. (2006 a, b) determined the acute toxicity of copper particles (bulk) and 
< e V 
nanocopper in mice and found that nanocopper was several folds toxic than bulk 
copper (LD50 for nanocopper 413 mg/kg; bulk copper >5000 mg/kg). Nanocopper was 
also reported to cause pathological damage to liver, kidney and spleen. Chung et al. 
(2010) recently reported occurrence of systemic argyria after ingestion of colloidal 
nanosilver that also proves its translocation from the intestinal tract. 
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Transport and gra 
Figure 2. Toxicokinetics and accumulation sites of NPs. The arrows in dotted lines 
represent uncertainties. Adopted from Shi et al. (2013). 
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3. Biodistribution 
Studies carried out so far clearly suggest involvement of physical clearance processes 
(viz., mucociliary movement, epithelial endocytosis, interstitial translocation, 
lymphatic drainage, blood circulation translocation and sensory neuron translocation) 
and chemical clearance processes such as dissolution, leaching and protein binding 
(Oberdorster et al., 2005b). Some types of nanoparticles can pass through the GIT and 
are rapidly eliminated in feces and in urine indicating absorption across the GIT 
barrier and entry into the systemic circulation (Oberdorster et al., 2005b; Curtis et al., 
2006). However, some nanoparticulates can accumulate in the liver during first-pass 
metabolism (Oberdorster et al., 2005b). After intravenous administration, 
nanoparticles get distributed to the colon, lungs, bone marrow, liver, spleen, and the 
lymphatics (Hagens et al., 2007; Fabian et al., 2008; Huang et al., 2008). Such 
distribution is followed by rapid clearance from the systemic circulation, 
predominantly by action of the liver and spleenic macrophages (Moghimi et al., 
2005). Clearance and opsonization of nanoparticles depends on size and surface 
characteristics (Moghimi et al., 2005; Curtis et al., 2006). 
Differential opsonization translates into variations in clearance rates and macrophage 
sequestration of nanoparticles (Moghimi et al., 2005). To increase the passive 
retention of nanomaterials in systemic circulation, the suppression of opsonization 
events is necessary at desired sites or anatomical compartments. For example, in case 
of hydrophobic particles, a coating with polyethylene glycol (PEG), would increase 
their hydrophilicity, hence increasing the systemic circulation time (Gamett and 
Kallinteri, 2006). In another study with polyethylene glycol coated gold nanoparticles, 
Myllynen et al. (2008) observed that 10-30 nm size particles did not cross the 
perfiised human placenta and were not detected in fetal circulation. A study by 
Takenaka et al. (2001) carried out in rats revealed that inhaled ultrafine silver 
nanoparticles were distributed in liver, lungs and brain. The authors have shown that 
considerable amount of silver could be detected in rat brain following inhalation of 
silver nanoparticles. 
Few other studies v^th Inhaled nanoparticles demonstrate distribution of particles to 
the lungs, liver, heart, kidney, spleen and brain (Oberdorster et al., 2002; BeruBe et 
al., 2007; Hagens et al., 2007; Medina et al., 2007) and clearance via phagocytosis in 
the alveolar region by macrophages (Oberdorster et al, 2005b; Curtis et al., 2006; 
Gamett and Kallinteri, 2006). In addition, one clinical report has shown impaired liver 
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function to silver nanoparticles released from a wound dressing (Trop et al., 2006). 
Jong et al. (2008) demonstrated size dependent tissue distribution of gold 
nanoparticles with the smallest (10 nm) nanoparticles showing the most widespread 
distribution (blood, liver, spleen, kidney, testis, thymus, heart, lung and brain) 
whereas the larger particles (50, 100 and 250 nm) were detected only in blood, liver 
and spleen. 
4. Molecular determinants 
When exposed to light or transition metals, nanoparticles may promote the formation 
of pro-oxidants which, in turn, destabilize the delicate balance between the biological 
system's ability to produce and detoxify the reactive oxygen species (ROS) (Curtis et 
al., 2006; Kabanov, 2006). Size, shape and aggregation are nanomaterials 
characteristics that can culminate in ROS generation (Shvedova et al., 2005 a, b). 
ROS include free radicals such as the superoxide anion (02*-), hydroxyl radicals 
(.OH) and the non-radical hydrogen peroxide (H2O2), which are constantly generated 
in cells under normal conditions as a consequence of aerobic metabolism. When cells 
are exposed to any chemical or physical means, it results in the production of ROS 
(Luo et al., 2002). But cells are also endowed with an extensive antioxidant defense 
system to combat ROS, either directly by interception or indirectly through reversal of 
oxidative damage. 
Cellular antioxidants can be divided into primary (superoxide dismutase, glutathione 
peroxidase, catalase and thioredoxin reductase) or secondary defense (reduced 
glutathione) mechanisms (Stahl et al., 1998). Superoxide dismutase (SOD) converts 
the highly reactive radical superoxide into the less reactive peroxide (H2O2) which 
ftirther can be destroyed. Glutathione peroxidase catalyzes the reduction of a variety 
of hydroperoxides (ROOH and H2O2) using GSH, thereby protecting mammalian 
cells against oxidative damage and also reducing cellular lipid hydroperoxides (Jomot 
et al., 1998). Under normal conditions, more than 95% of the glutathione (GSH) in a 
cell is reduced and so the intracellular environment is usually highly reducing. 
However, depletion of GSH will lower the reducing capacity of the cell and can, 
therefore, induce oxidative stress without the intervention of ROS. Free radicals also 
attack free fatty acids in cell membranes forming lipid hydroperoxides. Consequently, 
lipid peroxidation causes damage to cell membrane. 
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The generation of reactive oxygen species (ROS) and thereby, oxidative injury is 
considered to be the major toxicological mechanism involved in nanoparticles toxicity 
(Margriet, 2012). It has been proposed that these nanosize particles generate ROS 
either from an innate immune response to them or due to the autocatalytic generation 
by some specific particles (Babior, 1987; Xia et al., 2006). Various NPs (e.g. 
fullerenes, carbon nanotubes, automobile exhaust and quantum dots) have been shown 
to generate ROS both in vitro and in vivo (Oberdorster et al., 2005), which when 
present in cellular environment have the potential to peroxidize lipids, interfere with 
signaling processes, modulate gene transcription or damage DNA; thereby, leading to 
cell damage or finally cell death (Brown et al., 2004). 
Due to the large surface area possessed by them, NPs exhibit higher surface reactivity 
and, therefore, generate more free radicals and ROS than larger particles (Stone et al., 
1998; Wilson et al., 2002; Sioutas et al., 2005; Nel et al., 2006). ROS generation may 
occur either directly from the NPs' surface or from the catalysis of Fenton-type 
reactions by the NPs of transition metals namely copper, chromium, iron, etc (Figure 
3). Induction of oxidative stress may cause oxidation and therefore, damage to cellular 
biomolecules like DNA, leading to genetic mutations (Risom et al., 2005; Peters et al., 
2006). For example, histone modifications may result in opening of supercoiled DNA, 
thereby, leading to structural alteration (Donaldson and Stone, 2003). Various 
nanomaterials (transition metals, welding fumes, carbon black) have been shown to be 
genotoxic to humans and rats in both in vitro and in vivo studies (Donaldson et al., 
2005). 
The basic molecular events involved in NP-induced toxicity would be the generation 
of ROS either directly or by activation of macrophages (Long et al., 2004; 
Oberdorster et al., 2005; Risom et. al., 2005), leading to the induction of inflammation 
(Brown et al., 2004; Long et al., 2004). Macrophage activation alters the intracellular 
calcium concentration inducing fiirther ROS production and amplifying calcium 
signaling leading to calcium depletion (Lim et. al., 1997; Brovra et al., 2004; Risom et 
al., 2005). NPs may directly interact with epithelial cells (Risom et al., 2005) resulting 
in increased inflammation. Ultimately, NPs' interaction with cells may cause DNA 
modifications, cell injury and disease (Donaldson and Stone, 2003). 
Oxidative stress induced by nanoparticles is reported to enhance inflammation (Curtis 
et al., 2006; Kabanov, 2006). The possible pathophysiological outcomes of effects 
due to nanomaterials have been concisely compiled and presented in Table 1. 
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Generally speaking, biological systems are able to integrate multiple pathways of 
injury into a limited number of pathological outcomes, such as inflammation, 
apoptosis, necrosis, fibrosis, hypertrophy, metaplasia, and carcinogenesis. However, 
even if nanomaterials do not introduce new pathology, there could be novel 
mechanisms of injury that require special tools, assays, and approaches to assess their 
toxicity. Specific biological and mechanistic pathways can be elucidated under 
controlled conditions in vitro; these, in conjunction with in vivo studies would reveal a 
link of the mechanism of injury to the pathophysiological outcome in the target organ 
(Nel et al, 2006). 
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Figure 3. Possible mechanisms by which nanomaterials interact with biological 
tissues. Examples illustrate the importance of material composition, electronic 
structure, bonded surface species (e.g., metal-containing), surface coatings (active or 
passive), and solubility, including the contribution of surface species and coatings and 
interactions with other environmental factors (e.g., UV activation). Adopted from Nel 
et al. (2006). 
^ " > 
Experimental nanomaterial effects Possible pathophysiological outcomes 
ROS generation* 
Oxidative stress* 
Mitochondrial perturbation* 
Inflammation* 
Uptake by reticulo-endotfaelial 
system* 
Protein denaturation, degradation* 
Nuclear uptake* 
Uptake in neuronal tissue* 
Perturbation of phagoi^tic function,* 
"particle overload," mediator 
release* 
Endothelial dysfunction, effects on 
blood clotting* 
Generation of neoanti^ns, 
breakdown in immune tolerance 
Altered cell cycle regulation 
DNA damage 
Protein, DNA and membrane injury,* 
oxidative stressf 
Phase II enzyme induction, inflammationt, 
mitochondrial perturbation* 
Inner membrane damage*, permeability 
transition (PT) pore opening*, energy failure*, 
apoptosis*, ^x>-necrosis, cytotoxicity 
Tissue infiltration with inflammatory 
cellst, fibrosisf, granulomasf, atherogenesist, 
acute phase protein expression (e.g., C-reactive 
protein) 
Asymptomatic sequestration and storage 
in liver*, spleen, lymph nodesf, possible 
organ enlargement and dysfunction 
Loss of enzyme activity*, auto-antigenicity 
DNA damage, nucleoprotein clumping*, 
Autoantigens 
Brain and peripheral nervous system 
Injury 
Chronic inflammationt, fibrosisf, granulomasf, 
interf i^oice in clearance of 
infectious agentsf 
Atherogenesis*, thrombosis*, stroke, 
myocardial infarction 
Autoimmunity, adjuvant effects 
Proliferation, cell cycle arrest, senescence 
Mutagenesis, met^lasia, carcmogenesis 
Table 1. Possible pathophysiological outcomes due to various nanomaterials. Effects 
supported by limited experimental evidence are marked with asterisks (*); effects 
supported by limited clinical evidence are marked with daggers (t).Adopted from Nel 
et al. (2006). 
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Overview of the nanoparticles selected for this study: 
1. Zinc oxide nanoparticles (ZnO NPs) 
Zinc oxide is among the most commonly utilized group of nanomaterials. It is an 
inorganic compound with the formula ZnO. It usually appears as a white powder and 
is nearly insoluble in water. 
1.1. Applications of ZnO nanoparticles: 
1. ZnO powder is used in a variety of applications (Fan et al., 2005), typically as 
an additive in various products including plastics, ceramics, glass, cement, 
rubber (e.g. car tyres), lubricants (Hemandezbattez et al; 2008), paints, 
ointments, adhesives, sealants, pigments, foods (source of Zn nutrient), 
batteries, ferrites, fire retardants, etc. (Liedekerke, 2006). 
2. ZnO has a strong antibacterial activity and used in food packaging and 
synthetic textiles. ZnO NPs are widely used in cosmetics (sunscreens, foot 
care, ointments, and over-the-counter topical products), coatings (UV 
protection) and electronic devices (Hemandezbattez et al., 2008). 
3. As a well-known photocatalyst, ZnO has received much attention in the 
degradation and complete mineralization of environmental pollutants (Yeber 
et al., 2000). 
4. ZnO NPs have external uses as antibacterial agents in lotions, mouthwashes, 
and surface coatings to prevent growth of microorganisms (Jones et al., 2008). 
5. ZnO NPs have also been used as a dietary supplement in human and livestock 
(Rincker et al., 2005; Prasad, 2008). 
1.2. Toxicological aspects of ZnO NPs 
1.2.1. In vivo studies on ZnO NPs 
The toxic effects of ZnO NPs on organisms were studied using different treatment 
routes. Because ZnO NPs are widely used in sunscreen, human skin exposure to ZnO 
NPs was one of the most important routes. Cross et al. (2007) reported the dermal 
adsorption of ZnO NPs. When Franz-type diffusion cells were exposed to a novel, 
transparent nano-ZnO sunscreen formulation for 24 h, there was no sign of 
penetration of ZnO NPs. Moreover, electron microscopy indicated that no NPs could 
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be detected in the lower stratum comeum or viable epidermis. Oral, inhalation, and 
intratracheal instillation routes have also been used to evaluate the acute toxicity of 
ZnO NPs. Zheng et al, (2009) assayed the toxicity of ZnO NPs in mice exposed via 
the digestive tract. Compared with the blank group, the spleen and brain cells were 
normal, whereas other primary organs (including heart, lung, liver, and kidney) were 
damaged. These results were supported by findings of Wang et al. (2008), which 
showed that the pathological changes induced by ZnO NPs were both size- and dose-
dependent. When mice were treated via the intratracheal tract, histopathological 
observation revealed serious pulmonary inflammation, proliferation, and alveolar wall 
thickening in the limgs of all the treated mice groups. Moreover, all of these changes 
were more serious in animals that received higher dosages. 
ZnO NPs were highly cytotoxic at lower concentrations and exhibited strong protein 
adsorption abilities (Horie et al., 2009) which may contribute towards their 
cytotoxicity. Brunner et al. (2006) found that almost all human or rodent cells died 
following exposure to ZnO NP concentrations above 15 ppm. Sharma et al. (2009) 
demonstrated that ZnO NP-induced cytotoxicity was concentration- and time-
dependent. Cellular or macromolecular damage was induced by oxidative stress, 
which could be measured by increased hydroperoxide levels, depleted of glutathione 
level, and reduced catalase activity, all of which can contribute to cell death. 
The human lung is a vulnerable organ for nanoparticles invasion as there is 
approximately 2300 km of airways and 300 million alveoli, giving rise to a large 
surface area, which is in contact with the environmental atmosphere and the ultrafme 
particulate pollutants present in it (Hoet et al., 2004 and Card et al., 2008). Adverse 
systemic reactions have been observed after inhalation of ZnO nanoparticles in the 
form of fumes or accidental ingestion of large amounts of ZnO nanoforms (Bertholf et 
al., 1988; Vallee et al., 1993; Vallee, 1995). Inhalation of ZnO NPs has been found to 
compromise pulmonary function in pigs and caused pulmonary impairment and metal 
fume fever in humans (Fine et al., 1997; Beckett et al., 2005). 
1.2.2. In vitro studies on ZnO NPs 
ZnO NPs (<100 nm) induced genotoxicity in HEp-2 human cervix carcinoma cells, 
using the comet assay and the cytokinesis-blocked micronucleus assay (Osman et al., 
2010). Genotoxicity was associated with increased tyrosine phosphorylation. ZnO 
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NPs were internalized in primary human epidermal keratinocytes after 6 hours 
exposure (Sharma et al., 2011). Inhibition of mitochondrial activity concomitant with 
induction of DNA damage was evident from the comet assay. However, in the human 
epidermal cell line A431, these NPs induced DNA damage (Sharma et al., 2009). In 
the latter study, oxidative stress was also found to be induced by these NPs, as 
evidenced by glutathione depletion and reduction of catalase and superoxide 
dismutase activities. 
Many in vitro studies demonstrated that ZnO-NPs were toxic to mammalian cells 
(Jeng et al., 2006; Lai et al., 2008; Horie et al., 2009). In combination with UV 
exposure, ZnO-NPs are known to generate reactive oxygen species (ROS) like 
hydroxyl radicals or hydrogen peroxide in aqueous solutions leading to efficient 
decomposition of organic compounds (Li et al., 2003). Brunner et al. (2006) showed 
that a three-day exposure of human mesothelioma and rodent fibroblast cell to ZnO 
NPs (19 run) caused DNA and mitochondrial damages. 
Karlsson et al. (2008) found that ZnO NPs (71 nm) decreased cell viability and caused 
oxidative DNA damage in human alveolar carcinoma epithelial cells (A549). 
Moreover, in Caco-2 cells, 10 nm ZnO NPs induced cytotoxicity (measured by the 
WST assay and LDH release) and DNA strand breakage and oxidative DNA damage 
(established using the Fpg-comet assay) (Gerloff et al., 2009). 
Repetitive exposure to 76 x 53 lun ZnO NPs (5 ng/mL) of human nasal mucosa mini-
organ cultures induced DNA dam^e, which was established using the comet assay 
(Hackenberg, 2011). This damage was further increased after a 24-hour regeneration 
period. Moreover, the NPs were found to be distributed both in the cytoplasm and the 
nucleus. 
2. Titanium dioxide nanoparticles (TiOi NPs) 
Ti02 is a white compound and because of its brightness and very high refractive index 
it is most widely used. Approximately four million tons of Ti02 are consumed 
annually woridwide (Ortlieb, 2010). In addition, Ti02 accounts for 70% of the total 
production of pigments worldwide (Baan et al., 2006), and is in the top five NPs used 
in consumer products. In recent years, Ti02 NPs have been widely used in industrial 
and consumer products due to their stronger catalytic activity when compared to 
Ti02 FPs. This increase in catalytic activity has been attributed to their smaller sizes, 
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which has allowed for larger surface area per unit mass. Owing to the high bioactivity, 
TiOa NPs may pose new challenges to human health (Maynard et al., 2005; Tsuji et 
al., 2006). Wide applications of Ti02 NPs confer substantial potential for human 
exposure and environmental release, which inevitably allows for a potential health 
risk to humans, livestock, and the eco-system (Long et al., 2001). 
2.1. Applications of Ti02 NPs; 
1. Ti02NPs are used in paints, coatings, plastics, papers, inks, medicines, 
pharmaceuticals, food products, cosmetics, and toothpastes (Wolf et al., 2003; 
Kaida et al., 2005; Wang et al., 2007). 
2. TiOiNPs are applied in catalytic reactions, such as semiconductor 
photocatalysis, in the treatment of water contaminated with hazardous 
industrial by-products (Ni et al., 2007), and in nanocrystalline solar cells as a 
photoactive material (Yuan et al, 2010). 
3. Ti02 NPs are also exploited in the manufacturing of self-cleaning tiles, self-
cleaning windows, self-cleaning textiles, and anti-fogging car 
mirrors (Montazer et al., 2011). 
4. It can even be used as a pigment to whiten skimmed milk. Ti02 NPs are also 
used in sunscreens (Trouiller et al., 2009). 
5. Ti02 has long been used as a component for articulating prosthetic implants, 
especially for the hip and knee (Jacobs et al., 1991; Sul et al., 2010). These 
implants occasionally fail due to degradation of the materials in the implant or 
a chronic inflammatory response to the implant material (Patri et al., 2009) 
leading gradually to the production of Ti02 nanoparticles. 
6. In the field of nanomedicine, Ti02 NPs are under investigation as useful tools 
in advanced imaging and nanotherapeutics (Yuan et al., 2010). Ti02 NPs also 
show antibacterial properties under UV light irradiation (Yuan et al., 2010). 
Traditionally, Ti02 fine particles (FPs) have been considered as poorly soluble, low 
toxicity particles (ACGIH, 1992; Participants IRSIW, 2000). Due to this reason, they 
have been traditionally used as a "negative control" in many in vitro and in vivo 
particle toxicological studies (Zhao et al., 2009). However, this view was challenged 
after lung tumor developed in rats after two years of exposure to high concentrations 
of fine Ti02 particles (Lee et al., 1985). The International Agency for Research on 
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Cancer (lARC), therefore, has classified Ti02 as a Group 2B carcinogen (possibly 
carcinogenic to humans) (lARC, 2006). However, the tumorigenic effect of fine Ti02 
has been questioned and attributed to lung overload rather than specific 
carcinogenicity of fine Ti02 (Participants IRSIW, 2000). The rapid growth in the 
number of published studies confirms that there is a high level of interest concerning 
the safety of TiOi NPs. Different animal models employing multiple exposure routes 
of administration, including inhalation, dermal exposure, intratracheal instillation, oral 
gavage, intragastric, intraperitoneal or intravenous injection have been intensively 
used m these studies. 
Studies have revealed that Ti02 NPs are more toxic than FPs (Oberdorster et al.. 
2001; Fabian et al., 2008; Zhao et al., 2009). Oberdorster et al. (1994) reported that 
Ti02 NPs (21 nm) caused a greater pulmonary inflammatory response than TiOi at 
same mass burden, with greater amounts of Ti02 NPs entering the alveolar 
interstitium in the limgs. Sager et al. (2008) have reported similar results after intra-
tracheal instillation of well-dispersed suspensions of Ti02 NPs (80/20 anatase/ rutile; 
21 nm) and Ti02 FPs (100% rutile; Ifun) in rats. On an equal mass burden, nano Ti02 
was 40 fold more potent in inducing lung inflammation and damage at 1 and 42 days 
post-exposure than fine Ti02. 
2.2. Exposure routes and limits of TiOz NPs 
Titanium (Ti) occurs in tissues of normal animals but only in trace amounts 
(Schkroeder et al., 1963). There is no evidence of Ti being an essential element for 
human beings or animals. The concentration of its componds in drinking water is 
generally low. A typical diet may contribute 300-400 i^g/day. Human exposure to 
Ti02 NPs may occur during both manufacturing and use. These nanoparticles can be 
encountered as aerosols, suspensions or emulsions. The major routes of Ti02 NP 
exposure that have toxicological relevance in the workplace are inhalation and dermal 
exposure. The most common nanomaterials found in consumer products for dermal 
application are Ti02 NPs (Robertson et al., 2010). Ti02 NPs are also widely used for 
toothpaste, food colorants and nutritional supplements. Therefore, oral exposure may 
occur during use of such products. 
Weir et al. (2012), in a recent study have found that candies, sweets and chewing 
gums contained the highest amount of TiOz in the scale of <100 nm. In nanomedicine, 
intravenous or subcutaneous injection of Ti02 nano particulate carriers is a unique 
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way to deliver TiOj NPs into the human body (Zhao and Castranova, 2011). The 
American Conference of Governmental Industrial Hygienists (ACGIH) has assigned a 
threshold limit value (TLV) of 10 mg/m3 as a time weighted average (TWA) for a 
normal 8 h workday and a 40 h workweek for Ti02 FPs (Cincinnati, 2001). 
Permissible exposure limit (PEL) - TWA of the Occupational Safety & Health 
Administration (OSHA) for TiOi FPs is 15 mg/m^ (Kitchin et al., 2011). In November 
2005, the United States National Institute for Occupational Safety and Health 
(NIOSH) proposed a recommended exposure limit (REL) for TiOi NPs at 0.3 mg/m^ 
(NIOSH,2011). 
2.3. Toxicological aspects of TiCh NPs 
The genotoxicity of Ti02 NPs still remains controversial (Lu et al., 1998). Early 
studies suggest that Ti02 is not genotoxic (Lyon, 1989). Recently, however, certain in 
vivo and in vitro studies have reported the genotoxicity of its NPs (Shi et al., 2013; 
Demir et al., 2014; Pakrashi et al., 2014). In vivo studies on genotoxicity of TiOi NPs 
were usually conducted on rat or mouse bone marrow cells. However, end points used 
in the in vitro studies mcluded micronucleus (MN) test, Ames test, mammalian cell 
gene mutation, DNA breaks, chromosomal alterations, and cell transformation 
(Pfuhler et al, 2011). These genotoxicity endpoints provide usefiil data for hazard 
identification of Ti02 NPs. 
2 J . l . In vivo studies on TiOa NPs 
A few in vivo studies have been carried out to investigate the genotoxicity of Ti02 
NPs. Trouiller et al. (2009) demonstrated Ti02 NPs to be genotoxic, clastogenic and 
causing moderate inflammation in mice exposed through drinking water containing 21 
nm titanium dioxide nanoparticles. Ti02 NPs at 500 mg/kg BW induced both DNA 
single and double-strand breaks and chromosomal damage. Ti02 NPs induced 8-
hydroxy-2-deoxyguanosine, Y-H2AX foci, micronuclei, and DNA deletions. The 
formation of y-H2AX foci is indicative of DNA double-strand breaks. They suggested 
that Ti02 NPs-induced genotoxicity in vivo in mice is possibly due to a secondary 
genotoxic mechanism associated with inflammation and/or oxidative stress. RT-PCR 
and ELISA analysis showed that intra-gastrically administered Ti02 NPs (anatase; 5 
nm; 5, 10, and 50 mg/kg; everyday for 60 days) significantly increased mRNA and 
protein expression of Toll-like receptor-2 (TLR2), TLR-4, IKB kinases (IKK-a, IKK-
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P), NF-KB, NF-KBP52, NF-KBP65, TNF-a, and NF-icB-inducible kinase (NIK), and 
decreased the expression of IKB and IL-2 in mice (Cui et ah, 2011). 
2.3.2. In vitro studies on TiOz NPs 
Recently, a study by Jugan et al. (2012) has shown that spherical Ti02 NPs (12-140 
nm; both anatase and rutile) can induce single strand breaks, oxidative lesions to DNA 
and oxidative stress in A549 ceils. They also showed that Ti02 NPs impair the cells 
ability to repair DNA by deactivation of both nucleotide excision repair (NER) and 
base excision repair (BER) pathways. Others have also found that Ti02 NPs cause 
increased extracellular ROS, HO-1, and NOS mRNA expression and TNF-a release in 
NR8383 rat lung alveolar macrophages (Scherbart et al., 2011). In another recent 
study, Ti02 NPs demonstrated cytotoxic and genotoxic effects in human amnion 
epithelial (WISH) cells (Saquib et al., 2012). In this study, polyhedral rutile Ti02NPs 
(30.6 nm; 20 \ig/ml) caused a 14 fold increase in olive tail moment (OTM), while 
cells treated with 0.625-10 ng/ml exhibited significant reduction in catalase activity 
and GSH level. There was a 1.87 fold increase in intracellular ROS generation and 
7.3% increase in G2M cell cycle arrest. Wang et al. (2007) detected genotoxicity of 
(7-8 nm) Ti02 NPs in cultured human lymphoblastoid cells upto a dose of 130 |ig/ml. 
using the cytokinesis block micronucleus (CBMN) assay, the comet assay, and the 
HPRT gene mutation assay. 
Ti02 NPs induced approximately a 2.5-fold increase in the frequency of 
micronucleated/ binucleated cells (130 ng/ml), approximately a 5-fold increase in tail 
moment (65 ng/ml), and approximately a 2.5 fold increase in the HPRT mutation 
frequency (130 ^g/ml). Shukla et al. (2011) also demonstrated ROS involvement in 
oxidative DNA damage and MN formation in human epidermal cells. Ghosh et al. 
(2010) investigated the genotoxicity of Ti02 NPs in plant and human lymphocytes 
using classical genotoxic endpoints: Comet assay and the DNA laddering technique. 
Ti02 NPs were found to be genotoxic at a low dose of 0.25 mM followed by a 
decrease in the extent of DNA damage at higher concentrations. In contrast, T1O2 FPs 
were consistently genotoxic at doses of 1.25 mM and above. This study concluded 
that the Ti02 NPs possess genotoxic potential in plant and human lymphocytes. These 
genotoxic effects of Ti02 NPs are believed to occur through ROS generation in 
lymphocytes (Ghosh et al., 2010). 
{-} 
Objectives of the M.Phil work: 
Nanotechnology has nowadays attained such an enormous momentum, due to diverse 
and rapidly increasing applications of nanoparticles (NPs), that they are likely to 
become a serious 'potential pollution hazard'. The concern on the continuous 
exposure of ZnO and TiOa nanoparticles due to their extensive usage in cosmetics, 
electronics, medical diagnosis and therapeutics, etc as well as exponentially 
increasing literature on the nanotoxicology combining together— inspired us to 
inititate the work on the following lines: 
^ To study and compare the phytotoxicity of ZnO and Ti02 NPs prepared at 
AMU, Aligarh with respect to their salts by seed germination assay using com, 
cucumber and moong seeds, and determination of their IC50 values. Seed 
germination test has been recommended as a part of level I terrestrial 
environmental assessment using biological tests (Brusick and Young, 1981). 
*^  Spectrophotometric assessment of both the test ZnO and TiOi nanoparticles 
using UV- visible and EtBr displacement assay. 
^ To assess in vitro cytotoxic potential of ZnO (size range - 47.8-52.5 nm) and 
Ti02 NPs (size range - 46.0- 60.9 nm) in comparison with their ionic forms in 
terms of hemolytic activity on human blood. 
^ Assays of some enzymatic and non-enzymatic antioxidants in the hemolysates 
prepared after treatment with the above mentioned NPs. Various components 
of detoxification machinery have been shown to get modulated after exposure 
to certain NPs (Hussain et. al., 2005; Fahmy and Cormier, 2009). 
^ To assess the genotoxic potential of both the test nanoparticles along with their 
respective salts on pBR322 DNA using plasmid nicking assay, 
v^  Estimation of in vitro ROS generation by the selected NPs and their respective 
ionic forms. Since toxicity of many NPs has been reported to be mediated by 
reactive oxygen species (Asharani et. al., 2009), their pattern can also serve as 
a fingerprint of the NPs and their toxicity. 
^ To study and compare the in vitro genotoxic potential of the test NPs with 
their salts using alkaline comet assay on human lymphocytes. 
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Materials 
MATERIALS 
Pre-synthesized zinc oxide (ZnO) and titanium dioxide (TiOi) nanoparticles were 
obtained from Centre of Excellence in Material Science (Nanomaterials), Department 
of Applied Physics, AMU, Aligarh. 
The list of chemicals along with their sources is given below: 
CHEMICALS SOURCES 
Agarose 
Bovine serum albumin 
Catalase 
Calf thymus DN A 
Cupric sulphate 
Dextrose 
5-5'-Dithiobis-(2-mtroben2oic acid) 
EDTA 
Ethidiium bromide 
Folin-Ciocalteau reagent 
Glutathione reduced 
Heparin 
Horse radish peroxidase 
Histopaque 1077 
Hydrogen peroxide 
Hydrochloric acid 
Low melting agarose 
Nitro blue tetrazolium chloride 
Phenol red 
Pottasium chloride 
Potassium dihydrogen orthophospate 
Potassium phosphate dibasic 
pBR 322 plasmid DNA 
Pyrogallol 
Reduced glutathione 
RPMI-1640 medium 
Seeds of Com, cucumber and moong 
Sodium chloride 
Sodium carbonate 
Sodium dihydrogen orthophosphate 
Sodium hydroxide pellets 
Sodium potassium tartarate 
Succinic acid 
Sigma chemical Co, USA 
Sisco research laboratories, India 
Sigma chemical Co, USA 
Sisco research laboratories, India 
Qualigens fine chemicals, India 
Qualigens fine chemicals, India 
Sisco research laboratories, India 
SRL, India 
Hi media, India, Ltd 
Sisco research laboratories, India 
Sisco research laboratories, India 
Sisco research laboratories, India 
Sisco research laboratories, India 
Sigma chemical Co, USA 
Qualigens fine chemicals, India 
Merck specialities Pvt. Ltd. India 
Sigma chemical Co.,USA 
Sisco research laboratories, India 
Sisco research laboratories, India 
Qualigens fine chemicals, India 
Sisco research laboratories, India 
Sisco reserach laboratories, India 
Genei, India 
Sisco research laboratories, India 
Sisco research laboratories, India 
Sigma chemical Co, USA 
Local market 
Qualigens fine chemicals, India 
Sisco research laboratories, India 
Qualigens fine chemicals, India 
Hi media laboratories, Pvt. Ltd., India 
Qualigens fine chemicals, India 
sd- Fine chemicals Ltd., India 
\n). 
Sulphosalicylic acid Qualigens fine chemicals,India 
Thiobarbituric acid Sigma chemical Co, USA 
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METHODS 
1. Characterization of nanoparticles 
The prepared ZnO and Ti02 NPs were characterized by X-ray diffraction (XRD) and 
transmission electron microscopy (TEM). The XRD pattern was obtained using X-ray 
diffiactometer (Rigaku, Japan- Miniflex- II) using scan speed 4 steps/sec. and angle 
range (20°- 80°). The morphologies of both the NPs were examined by transmission 
electron microscopy (TEM- JEOL-2100F). The UV-visible spectra of the dispersions 
were obtained with a visibleAJV-spectrophotometer (UV-Perkin Elmer, Lambda 35, 
USA). Fourier transform infrared (FTIR) spectra of the samples were recorded using 
an FTIR- Perkin Elmer (Spectrum- II, wave no. 4000-400). XRD and FTIR of the 
nanoparticles were performed by Centre of Excellence in Materials Science 
(Nanomaterials), ZHCET, Aligarh. Transmission electron microscopy of the test NPs 
was done by AIRE, JNU, New Delhi. 
Figure 1 shows the X-ray diffraction pattern of the zinc oxide nanoparticles. Highly 
intense peaks observed in the XRD pattern indicated that ZnO nanoparticles were well 
crystalline. The peaks were obtained in the samples at 26 = 31.2°, 33.9°, 35.5°, 46.9°, 
56.0°, 62.0°, 67.0°, hence no diffraction peaks of other impurities were detected, which 
confirmed that the prepared sample was pure ZnO nanoparticle. Similar results were 
also reported by others (Ozgur et al., 2005; Jagadish et al., 2006; Klingshim; 2007; 
Baruah and Dutta, 2009; Linpmg et al., 2009). The crystal size of the ZnO NPs 
calculated from the XRD spectra was found to be 17.1 nm. 
Figure 2 shows the X-ray diffraction (XRD) pattern of the pre-synthesized titanium 
dioxide nanoparticles. Peaks at 25.8°, 32.9°, 37.0°, 50.7°, 53.0°, 61.0°, 63.0°, 69.0°. 
77.1° were observed which confirms the formation of mixed phase of TiOi NPs 
(anatase and rutile). Similar results were also obtained by Chaudhary et al. (2011), 
Ba-Abbad et al. (2012) and Hema et al. (2013). The appearance of sharp diffraction 
patterns indicates the small size, high purity and crystallinity of the synthesized 
sample (Jing et al., 2010). Diffraction pattern corresponding to impurities were found 
to be absent. In the present study, the size of the Ti02 NPs crystals calculated from the 
XRD spectra was found to be 17.8 nm. 
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Figure 3 shows FTIR spectra of ZnO nanoparticles. Infrared studies were carried out 
in order to ascertain the purity and nature of the metal nanoparticles. Metal oxides 
generally give absorption bands in fingerprint region i.e. below 1000 cm'' arising 
from inter-atomic vibrations. The peaks observed at 3372 and 3178 cm* are due to O-
H stretching (Kumar and Rani; 2013). Peaks at 1656 cm"' and 1427 cm'' correspond 
to C=C stretch and C-C stretching respectively. The peaks at 1027 and 545 cm"' are 
the characteristic absorption peaks of Zn-O bond and also authenticates the presence 
of ZnO (Nejati et al, 2011; Kumar and Rani; 2013). 
FTIR spectra of pre-synthesized titaniimi dioxide nanoparticles is shown in Figure 4. 
Peaks at 3397 cm'' correspond to stretching vibrations of 0-H bond (Hema et al., 
2013). Peaks observed at 1560 and 1403 are attributed to C-C stretching. Sharp peaks 
at 1223 and 1056 cm'' are due to C-0 stretching (Hema et al., 2013). Peaks observed 
at 846 cm'' and 653cm'' indicated Ti-0 vibrations (Ba-Abbad et al., 2012). 
Figure 5 shows the TEM image of ZnO nanoparticles. Rod shaped ZnO nanoparticles 
were observed in TEM images with average size in the range of 47.8-52.5 nm. The 
particle size and shape of TiOi nanoparticles were investigated by TEM and shown in 
Figure 6. The TEM image illustrates that the particle is in almost spherical shape with 
an average size in the range of 46.0- 60.9 nm. 
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2. Sample preparation 
The ZnO and Ti02 nanoparticles were suspended in distilled water and dispersed by 
ultrasonic vibrations (130 W, 20 kHz) for 20 min for all experimental work. 
3. Toxicological tests: 
3.1 Seed germination inhibition test 
The seed germination test was carried out as described by Wang (1987) with the 
modification of Dutka (1996) to suit the local conditions. The seeds of com {Zea 
mays), cucumber {Cucumis sativus) and moong {Phaseolus radiata) were selected 
for the present study. 
3.1.1. Requirements for seed germination test 
• Locally available varieties of seeds of com, moong and cucumber. 
• Petri plates of size 100 x 15 mm .^ 
• Whatman No. 1 filter paper. 
• 0.02% sodium hypochlorite / 0.01% mercuric chloride solution which 
were used for surface sterilization of seeds. 
• Different concentrations of nanoparticle suspension and their respective 
ionic solutions prepared in distilled water. 
3.1.2. Exposure of seeds to nanoparticles 
The seeds were first washed with 0.01% mercuric chloride solution and then 
repeatedly washed with distilled water. They were then briefly placed on a filter paper 
to dry. A double layer of Whatman filter paper was placed on the petridishes and 6 ml 
of each concentration (50 ppm, 100 ppm, 250 ppm, 500 ppm) of the samples were 
added to separate petridishes. Aquaguard water was used as control. 20 seeds were 
then equidistantly placed on each petridish and the plates were then kept in dark for 5 
days, maintaining the temperature at 25±5 °C. Small volume (3-4 ml) of samples was 
poured on to the seeds after every 10-12 hours to keep them wet. 
{..\ 
3.1.3. Determination of ICso values 
After the incubation was complete, root lengths of the germinated seeds were 
measured and percent inhibition for each concentration of sample was calculated 
using the following formula: 
% inhibition = Root length in control - Root length in sample ^ JQQ 
Root length in control 
Percent inhibition versus sample concentration curve was then plotted and IC50 value 
was calculated from the plot. IC50 is defined as the sample concentration at which 
50% root inhibition is obtained with respect to control. 
3.2. Nanoparticle - DNA Interaction Study 
The interaction of NPs with calf thymus DNA was checked by the following 
techniques: 
3.2.1. UV-Visible spectrophotometric measurements: 
The UV absorption spectra of calf thymus DNA solution in the range of 240-300 nm 
were obtained by the method of Rahban et al. (2010) upon addition of different 
concentrations of the test samples (25 ppm, 50 ppm, 75 ppm, 100 ppm). Spectral 
changes of 7 mM DNA were monitored with different volumes of samples (0.1 ml, 
0.2 ml, 0.5 ml, 1 ml) by recording the UV absorption spectra between 240-300 nm 
using UV-1700 spectrophotometer (shimadzu, Japan). All experiments were 
performed in Tris buffer (0.1 M), pH 7.5 in conventional quartz cell and the 
temperature was maintained at 37 °C. 
3.2.2. Fluorescence measurements 
The fluorescence of ethidium bromide (EtBr) is greatly enhanced upon intercalation 
between the base pairs of DNA. Ethidium bromide displacement assay was performed 
by the method of Rahban et al. (2010). Aqueous ethidium bromide solution (0.1 
mg/ml) was added to 1.7 ^l of calf thymus DNA (80 nM in 0.1% Tris-buffer, pH 7.5). 
Wavelength selected as the excitation of the samples was in the range 480-720 nm. To 
this solution (containing ethidium bromide and DNA), different volumes of the tests 
samples (125 \xl, 250 ^l, 625 \il, 1250 \i\) were added. Spectral measurements were 
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taken in spectrofluoremeter (Shimadzu, Japan) using a fluorescence cuvette of 1 cm 
path length. 
3.3 Hemolysis 
3.3.1. Isolation of erythrocytes from human blood: 
Heparinized fresh human blood was taken from young (22-30 years) healthy non-
smoking volunteers. It was centrifuged at 1,500 rpm for 10 min at 4° C in a clinical 
centrifuge and the plasma and buffy coat were removed by aspiration. The erythrocyte 
pellet was washed thrice with phosphate buffered saline (PBS) (0.01 M sodium 
phosphate buffer, 0.9% NaCl, pH 7.2) and resuspended in PBS to give a 5% 
hematocrit. 
3.3.2. Treatment of erythrocytes with samples and preparation of lysates: 
Erythrocytes were incubated with different concentrations of samples (50 ppm, 100 
ppm, 250 ppm, 500 ppm) for 1 hr at 37° C. The samples were centrifuged at 2500 rpm 
for 10 min at 4° C. The pellets were washed thrice with PBS and erythrocytes were 
lysed with 10 volumes of distilled water at 4° C for 2 hr. The samples were 
centrifuged at 3,000 rpm for 10 min at 4° C and the supematants (lysates) were 
quickly frozen in aliquots and later used for the analysis of several biochemical 
parameters. Untreated erythrocytes, not incubated at 37°C were completely lysed with 
distilled water and used as reference. 
3.33. Determination of total protein concentration 
The total protein content in the hemolysates was determined by the Folin's reagent 
using bovine serum albumin as standard (Lowry et. al.,1951). This method is based on 
the reactivity of peptide nitrogen[s] with the copper [II] ions under alkaline conditions 
and the subsequent reduction of phosphomolybdate-phosphotungstic acid (present in 
Folin's reagent) to heteropolymolybdenum blue by the copper-catalyzed oxidation of 
aromatic acids (Dunn, 1992). 
3.4. Assays of enzymatic and non-enzymatic antioxidants 
3.4.1. Superoxide dismutase (SOD) 
SOD activity in the hemolysate was assayed by measuring its ability to inhibit the 
autooxidation of pyrogallol according to the method of Marklund and Marklund 
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(1974). To 50 ^l of hemolysate, 2.85 ml of Tris succinate buffer (0.05 M, pH 8.2) was 
added and the reaction was started by adding 100 yl of 8.0 mM pyrogallol. The 
change in absorbance was recorded at an interval of 30 sec for 3 min at 412 nm. A 
reference set containing 50 1^ distilled water instead of sample, was also run 
simultaneously. The activity was reported in terms of U/mg protein. 
3.4.2. Catalase (CAT) 
Catalase activity was measured in terms of decrease in H2O2 concentration by 
recording the absorbance at 240 nm. A 3 ml of reaction mixture contained 1.9 ml of 
0.05 M potassium phosphate buffer (pH-7.4), 1 ml of 30 mM H2O2 and 100 ^l of test 
sample's hemolysate and absorbance at 240 nm was recorded at an interval of 30 sec 
for 3 min (Aebi, 1984). Enzyme activity was calculated using the molar extinction 
coefficient of H2O2 as 436 mol 1"' cm' at 240 nm and reported in U/mg protein. 
3.43. Lipid peroxidation (LPO) 
The extent of membrane lipid peroxidation was determined from malondialdehyde (an 
end product of LPO) content by the method of Beuge and Aust (1978). 1.0 ml of 
hemolysate was mixed with 2.0 ml of TBA-TCA-HCl reagent and the mixture was 
heated in boiling water bath for 15 min. After cooling to room temperature, the 
precipitate was removed by centrifiigation at 4000 rpm for 10 min and absorbance of 
supernatant was recorded at 535 nm against a blank that contains all the reagents 
except hemolysate. The MDA concentration was calculated using a molar extinction 
coefficient of 1.56 x 10^  M'cm'' and reported in nmole/mg protein. 
3.4.4. Glutathione-S-transferase (GST) 
The activity of GST was measured by using CDNB (1-chloro, 2-4-dinitrobenzene) as 
substrate and the amount of CDNB conjugate formed was measured by recording the 
absorbance at 340 nm. Enzymatic reaction was carried out in a volume of 3 ml 
containing 2.64 ml of 0.2 M potassium phosphate buffer (pH-6.5), 300 |il of ImM 
glutathione (reduced), 10 i^l Of 1.0 mM CDNB and 100 1^ of test sample's 
hemolysate. Absorbance at 340 rmi was recorded at an interval of 30 sec for 3 min 
(Habigetal., 1974). 
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3.4.5. Glutathione (GSH) estimation 
GSH levels were estimated by the method of JoUow et al. (1974) using the classical 
thiol reagent 5, 5-dithio bis-2 nitro-benzoic acid (DTNB) in (0.3 M sodium phosphate 
buffer, pH 8.0) at 25°C. 500 ^l of 4 % sulphosalicylic acid was added to 100 ^1 of 
hemolysate. It was left for incubation at 4°C for 1 hour. Then the mixture was 
centrifiiged at 12,000 g for 15 min at 4° C and the supernatant was taken out. 0.4 ml of 
supernatant was mixed with 2.2 ml of potassium phosphate buffer (0.1 M, pH 7.4) and 
0.4 ml DTNB (4 mg/ml). The yellow color developed by the reaction of GSH with 
DTNB was read at 412 nm. The concentration was reported in terms of nmole/mg 
protein. 
3.5. Plasmid Nicking Assay 
In this test 2nl of covalently closed pBR322 DNA was incubated with varying 
concentrations of test samples (50 ppm, 100 ppm, 250 ppm, 500 ppm). Reaction 
mixture in the total volume of 20 i^l was incubated for 3 hrs. After incubation 5 |il of 
5x tracking dye (40 mM EDTA, 50% bromophenol blue and 50% glycerol) was added 
and the samples were loaded on 1% agarose gel. This gel was run at 50 mA for 2 hrs 
and was stained with ethidium bromide (50 mg/ml of ethyl alcohol) at room 
temperature for 30 minutes. After washing, the gel was visualized on transilluminator 
and was photographed. 
3.6. Estimation of ROS generation in the test samples 
3.6.1. Hydrogen peroxide 
The amount of H2O2 in the test water sample was estimated by the horse radish 
peroxidase (HRPO)-mediated oxidation of phenol red by H2O2 (Pick and Keisari, 
1980). The reaction mixtures containing 2.8 ml phenol red (0.28 mM phenol red, 20 
Uml'" HRPO, 5.5 mM dextrose, 10 mM potassium phosphate buffer, pH 7.0), 100 ^ 1 
of NaOH (IN) and different volumes of test samples (10 ^l, 20 ^l, 50 |al, 100 \i\) were 
incubated at 37 °C for 10 min in ftiUy covered tubes. At the completion of incubation, 
the reaction mixture was centriftiged for 5 min at 2500 rpm at 4 °C. Absorbance was 
taken at 610 nm. 
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3.6.2. Hydroxyl radicals 
The estimation of OH radical was done by the method of Richmond et al. (1981). To 
different concentrations of test samples, 150 \i\ of Tris-HCl buffer (0.01 M, pH 7.5) 
and 300 jal of calf thymus DNA (3.0 mM) were added, and the mixture was incubated 
for 1 hr at 37 "C. This is followed by the addition of 1.2 ml of 28% TCA, to stop the 
reaction. After that 1.2 ml of 1% TBA was added and test tubes were boiled for 15 
min. After cooling the test tubes to room temperature, absorbance was recorded at 532 
nm. 
3.6.3. Super-oxide radical 
The estimation of O2" was done by NBT-O2" determination method of Nakayama et 
al. (1983). The reaction mixture contained 300 nl of sodium phosphate buffer (100 
mM, pH-8), 100 Ml of NBT (1 mM), 300 jil of triton-X-100 (0.6%), 2.2 ml of D.W., 
and different volumes of test samples (10^1, 20 M1, 50 ^1, 100 \i\). Absorbance was 
taken at 560 nm. 
3.7. Comet assay (single cell gel electrophoresis) 
3.7.1. Isolation of lymphocytes 
Heparinized blood sample was obtained from a single healthy volunteer (self donor) 
and diluted suitably in saline in 1:1 ratio. 1/3 of the total volume, histopaque was 
taken in a centrifiige tube and the diluted blood was added along the sides of the tube 
over the histopaque. The blood was centrifiiged at 2400 rpm for 20 min. The cloudy 
layer seen at the junction was pipetted out very carefiilly and the lymphocytes were 
diluted with saline in 1:1 ratio. 100 X of diluted lymphocytes were taken in each 
microftige tube. 
3.7.2. Experimental procedure 
Comet assay was performed under alkaline conditions according to the procedure of 
Singh et al. (1988) with slight modifications. Fully frosted microscopic slides pre-
coated with 1.0 % normal melting agarose were used at about 50°C (dissolved in Ca"*^^ 
and Mg^ 2 .^^ g p3s of pH 7.5). 100 X LMPA (2%) was added to 100 >. lymphocytes in 
each microftige tube and lOOX of the total mixture was pipetted on to the slide. Cover 
slips were placed over it and it was allowed to solidify on ice for 5 minutes. The cover 
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slips were removed after 15 min and the slides were placed in slide mailers, the 
reaction mixture containing different concentrations of the tests samples were added 
to it. Slides were left for incubation at 4°C for 1 hr. After incubation the slides were 
immersed in cold lysis solution containing 2.5 M NaCl, 100 mM EDTA and 10 mM 
Tris buffer, pH 10, 1 % Triton X-100 was added before use for a minimum of 1 hour 
at 4°C. After lysis, DNA was allowed to unwind for 30 min in alkaline electrophoretic 
solution consisting of 300 mM NaOH and ImM EDTA, pH >13. Electrophoresis was 
performed at 4°C in field strength of 0.7 V/cm and 300 mA current. The slides were 
then neutralized with cold 0.4 M Tris buffer, pH 7.5, stained with 75 1^ ethidium 
bromide (20 mg/ml) and covered with a cover slip. The slides were then placed in a 
humidified chamber to prevent drying of the gel and analyzed the same day. 
3.7.3. Visualization of slides and scoring 
The comets were observed and analysed using an image analysis system (Komet 5.5; 
Kinetic hnaging, Liverpool, UK) attached to an Olympus (CX41) fluorescent 
microscope (Olympus Optical Co., Tokyo, Japan) and a COHU 4910-integrated CC 
camera (equipped with 510-560 rmi excitation and 590 nm barrier filters) (COHU, 
San Diego, USA). Images from 50 cells (25 fi-om each replicate slide) were analyzed. 
Tail length (migration of DNA from the nucleus in |x meter) was chosen as the 
parameter taken to assess lymphocytes DNA damage. 
4. Statistical evaluation 
Data was expressed as Mean ± S.D of six values and analysed by one way ANOVA. 
Differences among control and treated groups were determined using student's t- test. 
P values of > 0.05 were considered statistically significant. All comparisons were 
made with untreated control. 
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RESULTS 
Dose-response cvirves of three sensitive seeds namely com, cucumber and moong 
separately treated with ZnO NPs, Ti02 NPs and their respective ionic forms are 
shown in Fig. 1. The graphs invariably indicated a concentration dependent increase 
in the percent inhibition of root growth. The seeds of cucumber were found to be the 
most sensitive towards the toxicity of all the four test samples while com was 
recorded as the least sensitive in all cases except ZnS04 salt. The ICso values of both 
nanoparticles and their corresponding ions shown in parantheses, along with the order 
of sensitivity of different seeds are given below: 
ZnO NPs: Cucumber (119 ppm) > Moong (290 ppm) > Com (395 ppm) 
ZnS04 sah: Cucumber (37 ppm) > Com (78 ppm) > Moong (127 ppm) 
Ti02 NPs: Cucumber (290 ppm) > Moong (383 ppm) > Com (623 ppm) 
Ti02 sah: Cucumber (205 ppm) > Moong (322 ppm) > Com (416 ppm) 
It is also evident from the graph that ZnS04 and Ti02 salts are 73% and 37% more 
phytotoxic than those of respective nanoparticles based on the average ICso values of 
all the three seeds. However, the phytotoxicity of ZnO nanoparticles was found to be 
greater with its average IC50 value of 281.3 ppm as compared to 439.6 ppm for Ti02 
NPs. 
Figure 2 depicts the dose-dependent UV absorption spectra of calf-thymus DNA 
exposed to different concentrations of both the nanoparticles at 37 °C. The absorption 
intensity at 260 nm was increased with the increasing concentrations of Ti02 NPs 
along with a blue shift. In the case of ZnO nanoparticles, only hyperchromic effect 
was seen. The changes occurring in absorption spectra suggest the interaction of both 
the nanoparticles with calf thymus DNA with a tight covalent binding in case of TiO: 
NPs. 
Figure 3 presents the fluorescence emission spectra of intercalated ethidium bromide 
with calf thymus DNA on treatment wdth increasing concentrations of ZnO and Ti02 
nanoparticles at 37 °C. Fluorescence emission spectra shows a dose-dependent 
quenching of EtBr fluorescence with increasing concentrations of ZnO NPs; however, 
in the presence of Ti02 nanoparticles a new complex formation was seen. 
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Figure 4 shows the plots for degree of hemolysis with increasing concentrations of 
test samples (50 ppm, 100 ppm, 250 ppm, 500 ppm). A concentration dependent 
hemolytic activity profile was recorded by the test nanoparticles as well as their ionic 
counterparts on treatment with R.B.C's. At 500 ppm, ZnO NPs were found to be more 
cytotoxic to blood cells compared to Ti02 NPs with 95 % and 80% hemolysis 
respectively. The cytotoxicity of both the nanoparticles was greater in comparison 
with their ionic forms. 
Figure 5 depicts the profile of SOD activity observed in hemolysates prepared after 
treatment with varying concentrations of ZnO and TiOz nanoparticles and their ionic 
forms. There was a dose dependent increase in SOD activity upon exposure of the test 
samples. At 500 ppm, ZnO nanoparticles showed 77% more increase with respect to 
control, while in the case of Ti02 nanoforms, there was an increase upto 74% in SOD 
activity. Both the nanoparticles showed a significantly higher response towards the 
SOD activity compared with their ionic counterparts. 
Figure 6 presents the pattern of CAT activity in the hemolysates as a result of 
increasing exposure with nanoparticles and ionic forms. A rise of around 84% in CAT 
level was observed at 500 ppm concentration of ZnO nanoparticles. However, 
exposure with the same concentration of Ti02 NPs showed an increase by 80% in 
CAT activity with respect to control, indicating a 20% more response in CAT activity 
by ZnO nanoparticles compared to the TiOa ones. The nanoforms of both the metal 
showed a greater response compared with their ionic forms. 
The effects of increasing concentrations of ZnO and Ti02 NPs along with their ionic 
forms on the extent of LPO, measured in terms of MDA level are shown in Figure 7. 
The level of MDA activity showed a continuous rise up to the maximum experimental 
concentration. At 500 ppm ZnO NPs showed 85% increase in activity, while Ti02 
nanoparticles showed around 83% rise compared with the control. Both the 
nanoforms exhibited a higher response towards MDA activity vsith respect to their 
ionic forms. 
Figure 8 gives the trend of GST activity in hemolysates exposed to different 
concentrations of test samples. There was a decline in GST activity with increasing 
concentrations of the test samples. It was decreased up to 79% compared with control 
in case of ZnO NPs and 70% in case of Ti02 NPs. Again, both the nanoparticles 
showed an elevated response in the activity of GST compared to their respective ions 
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The pattern of change in concentration of GSH in the hemolysates after treatment 
with different concentrations of ZnO and Ti02 NPs is depicted in Figure 9. The 
increasing concentrations of both the NPs had only diminutive effect on GSH level. 
ZnO NPs resuhed in a dose-dependent decline in GSH concentration and at 500 ppm 
concentration, the level decreased by 33%. Ti02 NPs at 500 ppm decreased the GSH 
level with respect to control by 30% only. However, both the nanoparticles compared 
to their ions exhibited a slightly greater response in the GSH activity. 
Figure 10 presents the DNA band profiles of the plasmid nicking assay with 
nanoparticles and their ionic forms. Three different concentrations (100 ppm, 250 
ppm, 500 ppm) of both the NPs as well as their respective ions were used to analyze 
their effect on pBR322 DNA. 100 ppm of both ZnO and TiOi nanoparticles resulted 
in the partial conversion of the supercoiled pBR322 DNA into open circle (Lane B). 
500 ppm of ZnO NPs caused the conversion of the supercoiled pBR322 DNA into the 
plasmid with two other forms i.e. open circle and linear (Fig 10, lane E). However. 
250-500 ppm of TiOa NPs resulted in the conversion of native DNA to open circular 
form with increasing intensity without any linear band (Fig. 11, lane D-E). At the 
same concentrations, their ionic forms did not show any perceptible damage in the 
plamid DNA (Lane F-H). 
Figure 12 depicts the profile of in vitro ROS generation by ZnO and TiOi NPs as well 
as their ionic counterparts. There was increasing trend of ROS generation with the 
increasing doses of the test samples. ZnO nanoparticles showed a higher generation of 
all the three species i.e. superoxide radicals, hydroxyl radicals and hydrogen peroxide 
compared to Ti02 NPs. Moreover, both the nanoforms showed a greater ROS 
generation compared to the ionic forms of ZnO and Ti02. 
The single cell gel electrophoretic images as observed imder a fluorescent microscope 
with different concentrations of various test samples are shown in Figure 13 (a-i). The 
tail lengths (parameter of DNA damage) are plotted with increasing concentrations of 
ZnO and Ti02 nanoparticles as well as their ionic forms in Fig. 14. The figures depict 
a dose-dependent DNA damage in terms of tail length in all the four cases. At 500 
ppm, the ZnO NPs showed 13% more DNA damage to human lymphocyte indicating 
thereby a higher genotoxic potential of ZnO NPs compared to TiO: NPs. The 
nanoforms were found to exhibit a significantly greater DNA damage compared to 
their respective ions. 
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Fig. 8: Activity profile of GST in hemolysates prepared before and after 
incubation with increasing concentrations of ZnO and Ti02 nanoparticles and 
their respective ions 
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Fig. 9: Levels of reduced glutathione (GSH) in hemolysates prepared before and 
after exposure increasing concentrations of ZnO and TiOi nanoparticles as well 
as their ionic counterparts 
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Fig. 10: Plasmid nicking assay conducted on ZnO NPs and their ionic forms. 
Lane A: pBR322 DNA alone. Lane B: pBR322 DNA + M.M.S, Lane C-E: 
pBR322 DNA + ZnO NPs (100 ppm, 250 ppm, 500 ppm) respectively. Lane F-H: 
pBR322 DNA + ZnS04 salt (100 ppm, 250 ppm, 500 ppm) respectively 
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Fig. 11: Plasmid nicking assay conducted on TiO? NPs and their ionic forms. 
Lane A: pBR322 DNA alone. Lane B: pBR322 DNA + M.M.S, Lane C-E: 
pBR322 DNA + Ti02 NPs (100 ppm, 250 ppm, 500 ppm) respectively. Lane F-H: 
pBR322 DNA + Ti02 salt (100 ppm, 250 ppm, 500 ppm) respectively 
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Fig. 12: Typical patterns of in vitro generation of different ROS i.e. 
(a) superoxide radicals (b) hydroxyl radicals, and (c) hydrogen peroxide by ZnO 
and Ti02 nanoparticles and their respective ions. 
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Fig. 13: Typical comets of (a) untreated human peripheral lymphocytes, 
(b) treated with 250 ppm ZnO NPs, and (c) treated with 500 ppm ZnO NPs. 
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Fig 13: Typical comets of peripheral human lymphocytes (d) treated with 250 
ppm ZnS04 salt, (e) treated with 500 ppm ZnS04 salt, (f) treated with 250 ppm 
Ti02 NPs, (g) treated with 500 ppm TiOi NPs 
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Fig 13: Typical comets of peripheral human lymphocytes (h) treated with 250 
ppm Ti02 salt, (i) treated with 500 ppm Ti02 salt 
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Fig. 14: DNA damage in human lymphocytes measured in terms of tail length 
after exposure to ZnO and TiCh nanoparticles and their respective ions 
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Owing to the growing applications of metal oxide nanoparticles (NPs) in various 
household products and industry, their release into the environment may pose serious 
threats to ecological systems and human health (Roco. 2005; Klaine et al., 2008; Lin 
et al., 2008; Morambio-jones et al., 2010). As a result of the small size and unique 
physicochemical properties, the toxicological profiles of nanoparticles may differ 
considerably from those of larger particles composed of the same materials (Borm et 
al., 2006; Nel et al., 2006). In the last few years, nanotoxicology has emerged as a 
new discipline to study the relationship between the physico-chemical properties (eg. 
size, shape, surface chemistry, composition, aggregation and surface area) of 
nanomaterials and their toxic responses in living organisms (Lynch et al., 2006). Most 
of the studies have focused their attention on the adverse effects of nanoparticles on 
the respiratory system (Mitchell et al., 2007; Park et al, 2008; Wang et al., 2008). 
However, some investigators have also worked on the toxic effects of nanoparticles 
on other organs and systems (Lai et al., 2008; Murray et al., 2009; Sharma et ah. 
2009). Nevertheless, there is a general lack of information concerning the effects of 
manufactured nanomaterials on living organisms, especially the studies on the toxic 
effects of nanoparticles are in preliminary stages and nothing is known about their 
mode of action, target sites and effectiveness. 
The phytotoxicity profile of NPs has also been investigated by researchers via seed 
germination and root elongation tests which evaluate the acute effects of NPs on plant 
physiologies (Di Salvatore et al., 2008). Inhibition of seed germination and root 
elongation has been found to be highly dependent on both plant type and properties of 
nanoparticles (Stepehen et al., 2012). The phytotoxicity of both nanoparticles selected 
in this study i.e ZnO (47.8-52.5 nm) and Ti02 (46.0- 60.9 nm) at various 
concentrations on com, cucumber and moong seeds were tested. As shown in Figure 
1, ZnO nanoparticles were foimd to be more phytotoxic than those of Ti02, based on 
the ICso values (Lin et al., 2008). The ICso values of ZnO and Ti02 nanoparticles 
respectively were: 395 ppm and 623 ppm for com seeds, 119 ppm and 290 ppm for 
cucumber seeds, and 290 ppm and 383 ppm for moong seeds under our experimental 
conditions. To compare phytotoxicity between metal ions and NPs, we assessed seed 
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root elongation activity in Zinc sulphate salt (ZnS04) and titanium dioxide salt. At all 
concentrations, ZnS04 was found to exhibit greater phytotoxicity compared with ZnO 
NPs. Similar resuls of higher phytotoxicity of ionic forms comparing with the 
respective NPs were also obtained by Lin and Xing (2008).The ionic forms of Ti02 
were also found to be more toxic than their nanoforms. The greater phytotoxicity of 
the ionic forms than the respective nanoforms might be attributed to the higher 
penetrability of ions across the plant cell wall which acts as a physical barrier for the 
internalization of the ZnO and Ti02 nanoparticles. As a matter of fact, the toxic 
effects of the NPs also depend upon the susceptibilities of the test plant species. The 
seeds of cucumber were found to be the most sensitive upon treatment with test 
samples. On the other hand the com seeds were found to be least sensitive with all 
samples except the ZnS04 salt, where moong seeds were the least sensitive based on 
the inhibition in seed germination (Rab and Saltviet, 1996). 
Absorption spectroscopy is an effective method to examine the binding mode of DNA 
with metal complexes (Rahban et al., 2010). Thus, in order to provide evidence for the 
possibility of binding of ZnO and Ti02 nanoparticles to calf thymus DNA, 
spectroscopic titration of a solution of the nanoparticles with DNA has been 
performed. UV spectra of DNA in the presence of different concentrations of ZnO 
and Ti02 nanoparticles at 37 °C are shown in Figure 2. In general, hyperchromism 
and hypochromism brought about by the test sample reflect the spectral features of 
DNA concerning its double-helix structure. While hyperchromism suggests the 
disruption of the secondary structure of DNA, hypochromism usually emphasizes that 
the DNA-binding mode of the complex is electrostatic or intercalatory. Moreover, a 
red-shift is indicative of the stabilization of the DNA duplex (Rahban et al., 2010). 
Fig 2 depicts an increase in the absorbance of DNA and a blue shift with increasing 
concentrations of Ti02 NPs, suggesting a DNA-nanoparticle complex formation. 
However, a DNA-hyperchromic effect was observed in case of ZnO NPs without any 
shift in Xmax (260 nm). The absorption intensity at 260 nm in both cases might have 
increased due to a higher accessibility of purine and pyrimidine bases of DNA and 
that is presumably because of the binding of both nanoparticles to DNA. This kind of 
binding may cause a slight change in the conformation of DNA also (Rahban et al., 
2010). Moreover, the interaction between the nanoparticles and calf thymus DNA was 
also affirmed by EtBr displacement assay which further supports our fmding. 
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The fluorescence emission spectra of intercalated ethidium bromide (EtBr) with 
increasing concentrations of ZnO nanoparticles as shown in Fig 3 (a) demonstrated a 
significant quenching in the fluorescence. This decrease in EtBr fluorescence is 
suggestive of the competition of ZnO nanoparticles with EtBr in binding to DNA. Fig 
3 (b) which shows the interaction of Ti02 NPs with calf thymus DNA in the presence 
of EtBr, suggested the formation of a new type of complex with increase in 
fluorescence intensity. The displacement of DNA-intercalated-EtBr by groove 
binding molecules has been used as a standard technique to assay DNA binding 
agents (Sambrook, 1989). The molecular fluorophore EtBr, a phenenthridine 
fluorescence dye, forms soluble complexes with nucleic acids and emits intense 
fluorescence in the presence of DNA due to the intercalation of the planar 
phenenthridinium ring between adjacent base pairs of the double-helix (Butour and 
Macquet, 1997). 
Zinc oxide and titanium dioxide nanoparticles possess unique physical and chemical 
properties, making them usefiil for various commercial applications. These unique 
properties may also incite toxicity, causing damage to organisms and posing risks to 
human health and the ecological environment (Long et al., 2001). Since most of the 
future applications of therapeutic nanoparticles are based on intravenous or oral 
administration, their interaction with human blood components is of extreme 
importance. 
A concentration dependent hemolytic activity to RBC's was obtained for both NPs. In 
the present study, the degree of hemolysis with nanoparticles of ZnO and Ti02 was 
greater than their ionic forms. However, ZnO and TiOi NPs showed 95.4% and 
80.1% hemolysis respectively at 500 ppm indicating that ZnO NPs were more toxic 
than Ti02 nanoparticles. Abott et al. (2013) also showed a higher cytotoxicity of ZnO 
NPs on Caco-2 and SW480 human intestinal epithelial cells as compared to Ti02 
nanoparticles. The hemolytic and hemagglutinating activities of ZnO nanoparticles 
were investigated in detail by Arruebo et al. (2008). Their results showed that ZnO 
nanorods were able to induce hemolysis and hemagglutination in treated RBC's. 
Similar findings have been reported by Mocan (2013) who showed a high rate of 
clumping by zinc oxide NPs with RBC's. Such large aggregates move very rapidly 
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within blood flow and become toxic to RBCs. Mocan (2013) also found the dose 
dependent cytotoxicity of Ti02 nanoparticles in that study 
Oxidative stress occurs naturally in the living organisms with the production of free 
radicals during cellular respiration or may be induced by pollutants and environmental 
stress. For example, some metals such as iron, copper and nickel catalyze fenton-type 
reactions, which generate reactive oxygen species (ROS). In the natural state, these 
ROS are detoxified by antioxidant enzymes (superoxide dismutase, catalase, 
glutathione peroxidase, glutathione reductase) and scavenger molecules (e.g. 
glutathione, vitamin E). However, when the antioxidant capacity of the cell is 
overwhelmed, various biomolecules get affected. Especially DNA and protein get 
damaged in a variety of ways, for instance DNA single and double strand breaks are 
produced and/ or DNA bases may get modified into oxidative adducts (Pruski and 
Dixon, 2002). 
The toxic effect of nanoparticles triggering for oxidative stress in the hemolysates is 
evident, in view of the significant role of enzymatic markers of defense system 
namely SOD, CAT, MDA, GST and GSH (Figs. 5-9). 
The increase in SOD activity is presumably due to the formation of ROS by the 
toxicants. Superoxide radical is considered as the central component of the signal 
transduction which activates the genes responsible for enzymes of defense system 
including SOD (Alvarez and Lamb, 1997). SOD is called the first line of defense 
against ROS generation by catalyzing the decomposhion of superoxide, the first and 
most abundant ROS, into hydrogen peroxide and water. Superoxide radical is a 
precursor to several other highly reactive species (Briganti and Picardo, 2003; Sezer 
et al., 2007). 
Figures 5 and 6 present the changes produced in SOD and CAT activities respectively 
in the hemolysates upon treatment with nanoparticles and their respective ionic forms. 
In case of both SOD and CAT, a dose dependent activity was observed upto the 
maximum concentration. At 500 ppm, ZnO nanoparticles showed 77% more increase 
with respect to control, compared to Ti02 nanoparticles, which showed an increase 
upto 74% in SOD activity. Both the nanoparticles exerted a significantly higher 
response towards the SOD activity compared to their ionic counterparts. Catalases are 
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hematin-containing en2ymes that facilitate the removal of hydrogen peroxide (H2O2), 
which is metabolized to molecular oxygen (O2) and water. Since CATs are localized 
in the peroxisomes of most cells and are involved in fatty acid metabolism, changes in 
activities may often be difficult to interpret (Vander Oost et al., 2003). Therefore, 
CAT activity in erythrocytes is an appropriate marker for oxidant exposures in 
vertebrates. Our results indicate that ZnO nanoparticles exhibited a 20% more 
response in CAT activity, as compared to Ti02 nanoparticles. The nanoforms of both 
metals showed a greater response compared with their ionic forms. Rise in SOD and 
CAT activities was recorded as a resuh of oxidative stress in the earlier studies also 
(Subramanian and Bupesh, 2011; Syama et al., 2013). 
Lipid peroxidation (LPO) is a free radical-mediated cham reaction and once initiated, 
it is self-perpetuating. The length of the chain propagation depends upon chain-
breaking antioxidant enzymes (Harris, 1992). Our results indicate a significant 
elevation in MDA level, a marker of LPO in both the nanoparticles (Fig. 7). At 500 
ppm, ZnO and Ti02 nanoparticles showed 85% and 83 % increase in MDA activity 
respectively with respect to control. Meena et al. (2012) also reported an increase in 
MDA activity in HEK cells exposed to Ti02 nanoparticles. The levels of ROS in 
ZnO-treated cells were significantly higher than that in control (Wang et al. 2009). 
Moreover, both the nanoforms displayed a higher response towards MDA activity 
compared with their ionic forms (Fig.7) thereby suggesting more oxidative stress 
induced by the nanoforms. 
The family of glutathione-S-transferase (GST) enzymes is of physiological 
importance because its members provide protection against electrophilic xenobiotics. 
such as heavy metals, pesticides, carcinogens, etc. by conjugating them to glutathione 
(GSH) (Mannervik and Danielson, 1988). GSTs are also essential components of the 
cellular antioxidant defense system, since they catalyze the conjugation of GSH to 
several dangerous compounds produced by lipid peroxidation (Arrigo, 1999; 
Rahaman et al., 1999). Figure 8 shows GST activity in hemolysates exposed to 
different concentrations of test samples. There was a gradual decrease in the GST 
activity as a result of increasing concentrations of both the test nanoparticles and their 
ionic forms (Fig. 8). The change in GST activity with respect to control was slightly 
more (79%) in case of ZnO NPs than with Ti02 NPs (70%). Moreover, nanoforms 
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were found to exert greater oxidative stress in the R.B.Cs compared with their ionic 
forms. Decrease in GST levels by the exposure of ZnO NPs and Zn^ ^ ions to fish cells 
was reported by Fernandez et al. (2013). This study also reports the higher 
cytotoxicity of ZnO NPs than those of Zn^ ^ ions. 
GSH levels are supposed to be suppressed under severe oxidative stress due to loss of 
compensatory responses and oxidative conversion of GSH to its oxidized form (Chen 
and Lin, 1977). Our results also indicated a significant decline in GSH levels in the 
hemolysates of all the four samples; however, with a maximum decrease by 33% in 
case of ZnO nanoparticles at the highest concentration. The level of GSH has been 
reported to be decreased significantly after oral administration of ZnO nanoparticles 
in lung tissue (Shokouhian et al., 2013). However, both the nanoparticles compared to 
their ions exhibited a slightly greater decline in the GSH activity again suggesting a 
greater harmful effect of nanoforms than the ionic forms of the test materials. 
In view of the present findings, it is suggested that variations in the antioxidant 
enzymes of the exposed hemolysates can serve as suitable biomarkers for the toxicity 
of the nanoparticles and this variation could be due to the generation of ROS. This is 
confirmed by our findings in support of in vitro ROS generation (superoxide, 
hydroxyl radicals and hydrogen peroxide) by both the nanoparticles (Fig. 12). As the 
changes in all the antioxidant enzymes were found to be slightly greater in case of 
ZnO nanoparticles, fiirther corroborating their higher toxic effects compared with 
Ti02NPs. 
In our study, pBR322 plasmid nicking assay confirmed the genotoxic potential of 
nanoparticles. Figure 10 depicts the pattern of different forms of plasmid DNA treated 
with increasing concentrations of ZnO nanoparticles and its ionic form. The degree of 
strand break formation in a unit length of DNA is an important parameter to study the 
effect of various genotoxic chemicals on the integrity of DNA. These DNA strand 
breaks may occur due to direct DNA damage by any exogenous agent or may be 
produced during DNA repair process or other physiologic responses in the cell (Pisoni 
et al., 2004). The appearance of linear band at 500 ppm confirms the high genotoxic 
potential of ZnO NPs whereas, TiOj NPs could only induce open circular form of 
plasmid DNA without any linear band (Fig. 11) indicating that ZnO is more toxic as 
compared to TiOa nanoparticles. Also, both the nanoforms were found to be more 
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genotoxic compared to their ionic counterparts as both the^^c;^%R»s^^ 
perceptible damage in the plasmid DNA. Ghosh et al. (2013) havtlLueislti) Imported 
DNA damage and apoptosis induced by T1O2 nanoparticles in a dose-dependent 
manner. 
The main cause of the genotoxic potential of the nanoparticles has been related to the 
generation of reactive oxygen species as reported by recent studies (Shukla et al., 
2011; Akhtar et al., 2013; Pakrashi et al., 2014). Hydroxyl radical is the ultimate ROS 
that interacts with DNA and promotes genetic damage (Hajjouji et al., 2007). Figure 
12 shows in vitro ROS generation (superoxide, hydroxyl radicals and hydrogen 
peroxide) profiles by both ZnO and Ti02 NPs and their ionic forms. Both the 
nanoparticles were found to generate all the three ROS, but ZnO nanoparticles 
showed a higher level of ROS generation. Interestingly, again the ionic forms of both 
NPs did not show a significant degree of ROS generation. Continuous generation of 
high level of ROS by the test samples would keep the exposed living cells under 
oxidative stress that in turn would enhance the levels of SOD, CAT etc. 
Single cell gel electrophoresis (commonly known as comet assay) is a widely used 
biomarker based short-term testing system and has been recommended by various 
workers as a valid indicator of genotoxicity of various substances present in the 
environment (Vnenchak and Rokosz, 1997; Tice et al., 2000). Genotoxicity of ZnO 
and Ti02 nanoparticles was also evaluated by in vitro comet assay in human 
lymphocytes. Our data suggests that the damage of DNA in lymphocytes can be 
related to the exposure to increasing concentrations of ZnO and Ti02 NPs as shown 
by the increase in the tail length, a parameter of DNA damage in comet assay (Fig. 
14). Looking at the pattern of comet assay (Fig 13 a-i), significant DNA damage was 
evident at high concentrations of both the NPs. Moreover, the DNA fragmentation (in 
terms of tail length) in ZnO NPs exposed lymphocytes was relatively higher than that 
of Ti02 NPs. Furthermore, both the nanoforms of ZnO and Ti02 were found to be 
more genotoxic than their respective ionic forms. These results are in conformity with 
our previous results of hemolysis, antioxidant enzymes, plasmid nicking and ROS 
generation. A recent report by Demir et al. (2014) also affirms the genotoxic potential 
of zinc oxide (ZnO, <35 and 50 nm) and titanium dioxide (Ti02, 21 and 50 nm) 
nanoparticles in the nuclei of Allium cepa root meristem cells by using a modified 
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alkaline comet assay and their results confirmed a dose dependent genotoxicity in 
case of ZnO NPs while in the case of TiOi, the DNA damage was found to be same at 
all concentrations. Musarrat at al. (2009) had also reported the genotoxic effect 
of ZnO NPs in human lymphocytes by the use of alkaline comet assay. 
Although we have demonstrated the generation of ROS directly, the genotoxicity 
assays conducted on the test nanopMlicles were also suggesting the role of ROS in the 
test NPs mediated toxicity. Therefore, we can confirm that ROS generation is the 
main mechanism to cause various types of toxicities by ZnO and Ti02 nanoparticles. 
ROS generation has also shown to induce hemolysis (Lushchak, 2011). 
Present results clearly suggest that both zinc oxide and titanium dioxide in nanoform 
are more toxic. However, the toxicity of ZnO was found to be greater compared to 
Ti02 in terms of phytotoxic, cytotoxic and genotoxic parameters. They must be used 
with carefiil selection of safe doses and with all precautions during handling. The 
above toxicological tests and the resulting database would provide information for 
material safety data sheets for NPs as well as a basis for their risk assessments and 
risk management. However, the actual and precise conclusion can only be drawn after 
more intensive experimental works are carried out say by using the whole animal or 
the cell lines for such studies. Also, a multidisciplinary and multinational 
collaborative team approach is mandatory for nanotoxicology research to arrive at an 
appropriate risk assessment. 
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Summary 
SUMMARY 
Growing exploration of nanotechnology has resulted in the identification of many 
unique properties of nanomaterials such as enhanced magnetic, catalytic, optical, 
electrical, and mechanical properties when compared with conventional formulations 
of the same material (Qin et al., 1999; Webster et al., 1999, 2000; Ferrari, 2005; Vasir 
et al., 2005). These materials are being increasingly used for commercial purposes. 
Apart from the use of nanomaterials in consumer products, numerous applications are 
being reported in the biomedical field, especially as drug-delivery agents, biosensors 
or imaging contrast agents (Ferrari, 2005; Vasir et al., 2005). The applications 
pertaining to medicine involve deliberate and direct ingestion or injection of 
nanoparticles into the body. Nanomaterials for imaging and drug delivery are often 
intentionally coated with biomolecules such as DNA, proteins, and monoclonal 
antibodies to target specific cells (Lewinski et al., 2008). Owing to their extremely 
small size, nanomaterials possess extremely high surface area to volume ratio which 
renders them highly reactive. A high reactivity can lead to toxicity due to harmftil 
interactions of nanomaterials with biological systems and the environment 
(Oberdorster et al., 2005b). 
The work presented in this dissertation was carried out to assess and compare the 
toxicity of ZnO and Ti02 nanoparticles along with their ionic counterparts using a 
battery of phytotoxic, cytotoxic and genotoxic parameters. Phytotoxicity was studied 
by means of seed germination assay and the cytotoxic potential was investigated by 
the use of hemolysis assay. The genotoxicity of the test samples was estimated by 
various methods like: In vitro- comet assay in human peripheral lymphocytes, plasmid 
nicking assay and UV absorption spectrophotometric as well as spectrofluorometric 
measurements. Moreover, the quantitation of various antioxidant enzymes and in vitro 
ROS generation in the test samples was also carried out. 
The significant findings of this study along with their explanations are summarized 
below: 
1. Seed germination inhibition test: 
• The effect of zinc oxide and titanium dioxide nanoparticles and their 
respective salts was monitored on three seeds: Com, cucumber and moong. 
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• The results indicated that ZnS04 and Ti02 salts were 73% and 37% more 
phytotoxic than those of respective nanoparticles based on the IC50 values. 
• The phytotoxicity of ZnO nanoparticles was greater with lower IC50 value 
of 281.3 ppm as compared to Ti02 NPs having IC50 value 439.6 ppm. 
2. Spectrophotometric studies: 
• UV- Visible spectrophotometric analysis showed an increase in 
absorbance of calf thymus DNA and a blue shift in the presence of TiOi 
NPs and a hyperchromic effect was seen with ZnO NPs. 
• EtBr displacement assay- Fluorescence emission spectra revealed 
quenching of EtBr fluorescence with increasing concentrations of ZnO 
NPs. However, in the case of Ti02 nanoparticles a new complex formation 
was seen. 
3. Hemolysis assay: 
• A concentration dependent hemolytic activity was recorded with both NPs. 
• ZnO NPs were more toxic to blood cells compared to Ti02 NPs with 95 % 
and 80% hemolysis respectively. 
• The cytotoxicity of NPs was greater in comparison with their ionic forms. 
4. Antioxidant enzymes assay: 
• Both nanoparticles as well as their respective ions showed significant 
changes in the activities of different antioxidants with depletion of 
glutathione (GSH) and GST levels and increased SOD, CAT and lipid 
peroxidation in dose dependent mannner. 
• 
• 
NPs were found to exhibh a greater effect on all the antioxidant enzymes 
compared to their ionic forms. 
ZnO NPs seem to have induced a higher oxidative stress compared with 
that of Ti02 in terms of aforementioned stress markers. 
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5. Plasmid nicking assay: 
• Three different concentrations (100 ppm, 250 ppm, 500 ppm) of both the 
NPs as well as their respective ions were used to analyze their effect on 
pBR322 DNA. 
• Both the nanoparticles led to the conversion of supercoiled DNA into open 
circular form. 
• ZnO nanoparticles showed two DNA bands corresponding to both the 
open circular as well as linear forms, indicating its higher genotoxicity 
compared to TiOz nanoparticles. 
• Both the ionic forms at the same concentrations did not show any 
significant dam^e on the plasmid DNA. 
• Plasmid ncking assay confirms the genotoxic potential of both the 
nanoparticles. 
6. In vitro ROS generation: 
• ZnO nanoparticles led to relatively higher generation of all the three 
species of ROS i.e. superoxide radicals, hydroxyl radicals and hydrogen 
peroxide compared to Ti02 NPs. 
• Both the nanoforms showed a greater level of ROS generation compared 
to the ionic forms of ZnO and TiOa. 
7. Comet assay: 
• The proportional increase in tail length (an index of DNA breakage) with 
increasing concentrations of the test samples also affirmed the genotoxic 
potential of ZnO and Ti02 nanoparticles. 
• DNA damage was found to be greater in the case of test NPs as compared 
to their ionic forms. 
• The zinc oxide nanoparticles were found to be more genotoxic than 
titanium dioxide nanoparticles. 
• At 500 ppm, the ZnO NPs showed 13% more DNA damage compared to 
TiOa NPs in terms of tail length indicating thereby a higher genotoxicity. 
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In view of the above results, we can conclude that: 
• Nanoparticles of zinc oxide and titanium dioxide were significantly more 
cytotoxic and genotoxic than their ionic forms. 
• Contrary to the above, the ionic forms appeared to be more phytotoxic compared 
with their nanoparticle forms probably due to the presence of cell wall in plants, 
which may act as a barrier for the penetration of nanoparticles. 
• 
• 
Spectrophotometric analysis also revealed the interaction of both nanoparticles 
with calf thymus DNA. 
Both the nanoparticles were found to generate superoxide, hydrogen peroxide and 
hydroxyl radicals in vitro. However, the zinc oxide nanoparticles showed a greater 
response. 
Both the particles in nanoparticle as well as ionic forms induced oxidative stress 
and DNA damage in a dose dependent maimer. Oxidative stress and ROS 
generation may be the underlying mechanism by which nanoparticle causes DNA 
damage and apoptosis. 
Our results also confirmed the higher toxicity (phytotoxicty, cytotoxicity as well 
as genotoxicity) of ZnO nanoparticles compared with Ti02 nanoparticles 
From the above of the work conducted, the need for more toxicology research on 
manufactured nanomaterials is comprehensible. The above toxicological tests and 
the resuhing database would provide information for material safety data sheets 
for NPs as well as a basis for potential nanoparticles risk assessments and risk 
management. Toxicology studies would provide the basis for protection of human 
health and the environment against the harmful effects of nanomaterials. It is only 
through addressing the issues raised by toxicological studies that nanotechnology 
will be able to realize its full potential. 
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